Alternative splicing regulation provides a major mechanism for increasing diversity of gene expression and mediating tissue and developmental control in higher eukaryotes. For many years, studies have focused on mechanisms and factors for a few model genes, but more recently genome-wide approaches have yielded additional insight into the complexity of alternative splicing regulation. Currently, genomewide models attempt to describe networks of relatively few global splicing regulators that act on many target genes in a combinatorial manner. It is often more than a single factor that determines a specific alternative splicing process. These splicing-regulatory networks can be viewed as one of several layers of gene regulation, embedded in other networks such as those of transcription, miRNA-mediated regulation, nonsense-mediated decay (NMD), polyadenylation, translation, or cellular localization (1-3, 6, 21, 25, 34, 36) . Most splicing regulators characterized thus far belong to either one of two groups, the family of serine-arginine-rich (SR) proteins and the heterogeneous nuclear ribonucleoproteins (hnRNPs).
We have focused for the last few years on hnRNP L, an abundant nuclear, multifunctional RNA-binding protein with four RNA-recognition motifs (29) that plays both nuclear and cytoplasmic roles in mRNA export of intronless genes (9, 18) , IRES-mediated translation (10) , mRNA stability (11, 14, 33) , and splicing (see below). We have recently characterized in more detail its RNA-binding specificity and function as a global alternative splicing regulator (13, 16) . Initial evidence for hnRNP L's splicing-regulatory role came from a single human gene, coding for endothelial nitric oxide synthase, which contains in its intron 13 a polymorphic CA repeat region where hnRNP L binds and acts as a splice activator (15) . Based on a SELEX-derived consensus for hnRNP L RNA binding, CA-repeat, and certain CA-rich motifs, we identified and characterized a small number of other targets in the human genome (13) , which was recently expanded through a splicesensitive microarray/RNAi strategy (16) . In sum, from intronic positions hnRNP L can act either as an activator or repressor in diverse alternative splicing decisions, apparently depending on splice site proximity. In addition, exonic regulatory sites are known for hnRNP L, best characterized in the case of the CD45 variable exons, where hnRNP L modulates exon repression during T-cell activation (12, 23, 30) . In addition to hnRNP L, a closely related protein, hnRNP L-like (hnRNP LL), has been described (16, 35) , and recent evidence points to a specific role of hnRNP LL in alternative splicing regulation of CD45 and other target genes during T-cell activation (27, 38) .
Several recent studies have pointed out NMD-mediated RNA degradation as an important element in alternative splicing regulation, although its genomewide impact is still controversial (e.g., see reference 28). One classical splice regulator, the repressor protein PTB (for polypyrimidine tract binding protein), has been studied in detail. It is autoregulated by a negative-feedback loop on the alternative splicing level, involving PTB-dependent exon 11 skipping, which induces NMD; thereby, excess PTB protein levels are effectively downregulated (37, 40) . This auto-and cross-regulatory network be-tween PTB and its paralog nPTB operates not only through NMD and alternative splicing but also involves control by a tissue-specific microRNA (4, 20; reviewed in references 7 and 19; see also Discussion).
Steven Brenner's group discovered that, surprisingly, every member of the entire SR-protein family of regulators contains ultraconserved nucleotide sequences in their respective premRNAs that coincide with NMD-relevant alternative splicing (17) . This new concept and correlation between alternative splicing-mediated NMD and ultraconserved sequence holds also for many hnRNP proteins and was suggested to represent a general mechanism often utilized by RNA-binding proteins for maintaining homeostasis of their protein levels (26, 31) . However, the underlying autoregulatory mechanisms remained largely unclear in their detail, although this is of great general interest, since they might yield new insight into the intriguing and unsolved question why extended intronic sequences might be ultraconserved.
While searching for alternatively spliced hnRNP L target genes, we noted that the hnRNP L pre-mRNA itself contains in its intron 6 a very unusual, long CA-rich cluster and a short, alternatively spliced poison exon; in addition, this entire region of ϳ2 kb in intron 6 is highly conserved, close to ultraconservation in the strict sense. We demonstrate here that the CAcluster functions as an hnRNP L-dependent activator of poison exon 6A inclusion and that the paralog hnRNP LL pre-mRNA contains a corresponding poison exon, which is cross-regulated by hnRNP L. These auto-and cross-regulatory relationships in the hnRNP L/LL system give new insight into homeostatic control and the role of ultraconserved intronic sequences in gene regulation.
MATERIALS AND METHODS
Oligonucleotides. For sequences of DNA oligonucleotides, see the supplemental material.
Cycloheximide treatment, small interfering RNA (siRNA) knockdown, and RNA analysis. For inhibition of translation and NMD, Dulbecco modified Eagle medium (Invitrogen) containing 50 g of cycloheximide/l was added to a confluent culture of HeLa cells. Cell aliquots were harvested before cycloheximide addition (time point zero) and after addition at the time points indicated, followed by RNA isolation (TRIzol reagent; Invitrogen). Reverse transcription-PCR (RT-PCR) was performed by using Expand RT enzyme (Roche) and the primers L exon 6 fwd and L exon 7 rev according to the manufacturer's protocol, followed by analysis on 2% agarose gels and ethidium bromide staining. As DNA size markers, the Gene Ruler DNA ladder mix (Fermentas) was used.
One day before siRNA transfection, HeLa cells were seeded on 10-cm culture dishes (4.3 ϫ 10 5 cells per dish). siRNA duplex (at a final concentration in culture medium of 30 nM) was transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The siRNA duplexes specific for human hnRNP L, human UPF1, and luciferase GL2 were as follows: human hnRNP L H1, 5Ј-GAA UGG AGU UCA GGC GAU GdTdT-3Ј (MWG Biotech); human UPF1, 5Ј-GAU GCA GUU CCG CUC CAU UdTdT-3Ј (Sigma); and luciferase GL2, 5Ј-CGU ACG CGG AAU ACU UCG ATT-3Ј (MWG Biotech).
Four days after siRNA transfection, knockdown efficiencies were assessed by Western blotting with monoclonal antibodies against hnRNP L (4D11; Sigma) and, as controls, ␥-tubulin (GTU-88; Sigma) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Ambion). As indicated, cycloheximide treatment was done (at a final concentration of 50 g/ml) before the cells were harvested, for up to 4 h after RNA interference (RNAi) knockdown; the efficiency of UPF1 knockdown was measured by Western blotting with anti-UPF1 antibody (8) . If necessary, protein bands were quantitated by TINA software, version 2.07d.
Total RNA was isolated by using TRIzol (Invitrogen) and an RNeasy kit (Qiagen). Total RNA (1 g) was reverse transcribed, using an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's instructions, followed by PCR with the primers L exon 6 fwd and L exon 7 rev (see above). Real-time PCR assays (16) for hnRNP L and ␤-actin mRNAs were performed in an iCycler (Bio-Rad), using a SYBR green Jumpstart Taq Readymix kit (Bio-Rad), the primer pairs ␤-actin fwd/rev, or exon-specific hnRNP L or LL primer pairs (L exon 2 fwd/L exon 3 rev; L exon 4 fwd/L exon 5 rev; L exon 6A fwd/L exon 7 rev; L exon 7 fwd/L exon 8 rev; L exon 8 fwd/L exon 10 rev; LL exon 6 fwd/LL exon 7 rev).
hnRNP L overexpression constructs. (i) hnRNP L-His. The EcoRI-PstI restriction fragment containing the full-length cDNA for hnRNP L was released from pRSET hnRNP L (10) and cloned into pcDNA3 vector, resulting in pcDNA3-hnRNP L. The hnRNP L open reading frame was recloned into TOPO vector pcDNA3.1/V5-His-TOPO (Invitrogen), according to the manufacturer's instructions, resulting in pcDNA3.1/hnRNP L-V5-His, which carries a C-terminal V5-His tag.
(ii) hnRNP L-GST. The full-length cDNA for hnRNP L, together with the open reading frame of the glutathione S-transferase (GST) tag, was released from the plasmid pFASTBAC HTb-hnRNP L-GST (13) by BamHI digestion. This fragment was cloned into pcDNA3 vector (Invitrogen), resulting in pcDNA3-hnRNP L-GST.
One day before transfection, HeLa cells were seeded in 10-cm culture dishes. Cells were transfected at 80% confluence with 10 g of DNA (His-or GSThnRNP L), according to the manufacturer's instructions (FuGENE HD transfection reagent; Roche). For the mock transfection, pcDNA3.1 DNA was used. Cells were harvested 2 days after transfection and analyzed by Western blotting with monoclonal antibodies against hnRNP L (4D11; Sigma) and ␥-tubulin (GTU-88; Sigma). Protein bands were quantitated by using TINA software, version 2.07d.
hnRNP L (or LL)-RNA binding analysis by biotin-RNA pull-down assay. The 5Ј and 3Ј parts of the CA-rich cluster of hnRNP L intron 6 were amplified from human genomic DNA and cloned in the pCR2.1-TOPO vector (Invitrogen) to give plasmid pCR2.1-TOPO-5Ј-CA (nucleotides [nt] Ϫ1005 to Ϫ716 of intron 6) and pCR2.1-TOPO-3Ј-CA (nt Ϫ491 to Ϫ156), respectively (see Fig. S1 in the supplemental material for the intron 6 sequence). An unrelated control sequence (327 nt) was PCR amplified from pCR2.1-TOPO DNA, using the primers FP-T7-cluster-delta and RP-cluster-delta.
Template DNAs for in vitro transcription (MEGAshortscript kit; Ambion) of 5Ј-CA (300-nt) and 3Ј-CA (346-nt) clusters, as well as nonspecific control sequence (327 nt), were PCR amplified from these constructs, introducing the T7 promoter, followed by chemical 3Ј-end biotinylation (39) . 3Ј-biotinylated RNAs or 5Ј-biotinylated (CA) 32 RNA (2 g of each) were incubated in a final volume of 225 l at room temperature for 30 min with 25 l of HeLa nuclear extract in RP-50 buffer (50 mM KCl, 1 mM MgCl 2 , 10 mM HEPES [pH 7.5]) containing 10 mM dithiothreitol, 100 g of tRNA/ml, and 10 U of RNaseOUT (Invitrogen). Then, 40 l of packed NeutrAvidin agarose beads (Thermo Scientific) was added, and incubation was continued at room temperature for 20 min. After precipitation and four washes with RP-70 buffer (70 mM KCl, 1 mM MgCl 2 , 10 mM dithiothreitol, 10 mM HEPES [pH 7.5]), bound protein was released by sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 80 mM Tris-HCl, 5% ␤-mercaptoethanol, 15% glycerol, 0.05% bromophenol blue [pH 6.8]) and incubation at 95°C for 5 min and then analyzed by SDS-polyacrylamide gel electrophoresis (10% polyacrylamide gel) and Western blotting with monoclonal antihnRNP L antibody (4D11; Sigma) or anti-hnRNP LL antibody (16) .
In vitro splicing. T7-DUP 3ЈCA-cluster-6A and control 6A constructs (three exons)-684 bp of intron 6 of the human hnRNP L gene (535 bp containing the 3Ј CA cluster, exon 6a, and 79 bp of intron 6a)-were PCR amplified using human genomic DNA (kindly provided by Karl Stangl, Charité, Berlin, Germany) and the primers L intron 6 fwd and L intron 6a. Products were cloned into the ␤-globin-derived pDUP4.1 (24) in between the ApaI and BglII sites, thereby replacing the middle DUP exon. For the control construct lacking the CA-rich cluster, only 270 bp of the hnRNP L region were cloned into pDUP4.1 as described above, using the primers ⌬cluster_fwd and i6a_rev. This region contained the 70-bp exon 6A and 121 bp of upstream and 79 bp of downstream intronic sequence. An nonspecific sequence without any high-score hnRNP L binding motifs, which was PCR amplified from a noncoding region of pCR2.1-TOPO vector using the primers sub_fwd and sub_rev, was inserted into the ApaI site. In addition, a double-stranded oligonucleotide of 60 bp, derived from the hnRNP L intron 6 and containing a putative distant branch point and made by annealing the oligonucleotides BPins-sense and BPins-antisense, was cloned into the BglII site of the substituting sequence.
To prevent usage of cryptic splice sites and to assure proper RT-PCR analysis, the following modifications were included. First, in both constructs the ␤-globin part of the upstream intron was shortened by 41 bp through a two-step mutagenesis PCR, in the first step with the primer combinations txc_fwd/DUPmut_rev (5Ј VOL. 29, 2009 hnRNP L AUTOREGULATION 1443
on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ Downloaded from fragment) and DUPmut-B_fwd or DUPmut-sub_fwd, respectively, and txc_rev primer (3Ј fragment) and in the second step with the primers txc_fwd and txc_rev. PCR products were cloned into pCR2.1-TOPO vector (Invitrogen). Second, a cryptic 5Ј splice site located in the downstream intron was removed by deleting the GT dinucleotide by two-step mutagenesis PCR, using the primers txc_fwd and mut-css_rev, as well as mut-css_fwd and txc_rev in the first step and the primers txc_fwd and txc_rev in the second step, followed by recloning into pCR2.1-TOPO as described previously. HeLa cell nuclear extract was depleted of hnRNP L by incubation with a biotinylated (CA) 32 RNA oligonucleotide and neutravidin-agarose beads (15) . Depletion was confirmed by Western blotting with hnRNP L antibodies (4D11; Sigma) and GAPDH antibodies (Ambion) as a loading control. m 7 GpppG-capped RNAs were transcribed in vitro from PCR products as templates. For the three-exon pre-mRNA, the primers txc_fwd and txc_rev were used; for the two-exon pre-mRNA, the primers txc_fwd and i6a_rev were used; and for the pre-mRNAs with the mutated exon 6a 5Ј splice, the primers 5'sswt_rev and 5'ss-mut_rev, respectively, were used. In vitro splicing assays were performed in HeLa nuclear extract (CIL Biotech, Belgium), incubating 5 ng of pre-mRNA per 12.5-l reaction mixture, as described previously (15) . Splicing was monitored by RT-PCR, with the respective reverse primers used for transcription and the forward primers DUP1_fwd or DUP5_fwd, followed by analysis on 2% agarose gels and ethidium bromide staining.
Transfection and RNA analysis. To investigate CA-cluster-dependent splicing in vivo, hnRNP L-exon 6a-minigene constructs were cloned in between the EcoRI and XbaI sites of the pcDNA3.1 vector. A total of 6 ϫ 10 5 HeLa cells were seeded on a 6-cm dish the day before transfection. Cells were transfected by the calcium phosphate method (32) . After 3 days, cells were harvested, and total RNA was isolated by guanidinium isothiocyanate and treated with RQ1-DNase (Promega). After reverse transcription (iScript cDNA synthesis kit; BioRad) PCR was carried out, using the primers DUP5_fwd and BGH_rev. Products were analyzed as described above.
RESULTS
Highly conserved region in the hnRNP L gene contains intronic CA-rich cluster and NMD-sensitive exon 6A. Analyzing the exon-intron structure and sequence conservation of hnRNP L genes from 28 vertebrate species (http://genome .ucsc.edu/), we noted an extended region of ϳ2 kb, located in the middle of the 3.3-kb intron 6, which represents the most highly conserved region in the entire hnRNP L gene (Fig. 1 , see boxed region). For example, the human and mouse nucleotide sequences exhibit 87% identity in this region ( Fig. 1B; see also Fig. S1 in the supplemental material for a sequence alignment). Intron 6 contains a short exon, which we have termed 6A; it is not part of the RefSeq mRNA and is documented only through several cDNAs (AK301062 and AK298384). If included, exon 6A would introduce a premature termination codon, expected to induce NMD.
When we searched for hnRNP L binding sites in the hnRNP L pre-mRNA sequence, we were surprised to find a dense cluster of high-score hnRNP L binding motifs extending over more than 800 nt within this highly conserved intronic region (see Fig. 1C and D for the human and mouse genes; here, potential hnRNP L binding sites are graphically represented by red bars, with their heights indicating motif scores and their widths reflecting the positions and lengths of the motifs, based on a scoring system) (16) . In sum, this suggests that hnRNP L may bind to its own pre-mRNA in this highly conserved part of intron 6, regulating inclusion of the poison exon 6A.
We next tested whether exon 6A inclusion induces NMD by treating HeLa cell cultures with cycloheximide, inhibiting translation and thereby NMD, followed by measuring exon 6A inclusion by RT-PCR and an exon 6-7 primer pair ( Fig. 2A) . Alternatively to cycloheximide treatment, UPF1, an essential component of the NMD machinery, was downregulated by RNAi (to 48% relative to the ␥-tubulin control [see Fig. 2B]) . First, cycloheximide treatment over 3 h resulted in a strong increase of exon 6A usage, from initially 22% to levels of 47% relative to the major exon 6-7 spliced form; as a control, alternative splicing of exon 20 of the TJP1 pre-mRNA, another hnRNP L target, was not affected (Fig. 2A) . Second, the inclusion of poison exon 6A increased from almost undetectable levels in the control luciferase knockdown (4%) to 34% after UPF1 knockdown (Fig. 2B and C) . In sum, the novel exon 6A, which we identified within an extended highly conserved intron 6 region, represents an NMD target and is preceded by an unusual, long CA-rich cluster.
hnRNP L binds to conserved CA-rich cluster. We predicted that hnRNP L protein binds with high affinity to the intronic CA cluster of the hnRNP L gene, based on the SELEX-derived RNA-binding specificity of hnRNP L (13) and a corresponding scoring system (16) (see Fig. 1C ). In vitro binding assays confirmed this (Fig. 3, top panel) : the CA cluster RNA was transcribed in two parts, the 5Ј-terminal portion (300 nt; 5Ј-CA cluster) and the 3Ј-terminal portion (346 nt; 3Ј-CA cluster); both were 3Ј-biotinylated and incubated in HeLa cell nuclear extract, followed by binding to neutravidin-agarose, washing, release of bound protein, and analysis by Western blotting with an hnRNP L-specific monoclonal antibody, 4D11. As specificity controls, we included a 5Ј-biotinylated (CA) 32 RNA oligonucleotide, an unrelated 3Ј-biotinylated RNA, and beads alone. As a result, both parts of the CA cluster RNA region efficiently bound hnRNP L from nuclear extract (between 5 and 10% of total hnRNP L under these conditions; compare Fig. 3, lanes 1 to 3) , comparable to binding to (CA) 32 RNA (lane 4), whereas a similarly sized control RNA or beads alone did not recover significant hnRNP L amounts (lanes 5 to 6). We conclude that the conserved CA cluster in intron 6 specifically binds hnRNP L.
In parallel, we assayed for binding of the paralog protein hnRNP LL (Fig. 3, bottom panel) , which also bound specifically to both parts of the hnRNP L CA cluster, as well as to the (CA) 32 RNA oligonucleotide (see the Discussion). hnRNP L protein activates inclusion of its own poison exon 6A. Since hnRNP L binds to the intronic CA cluster upstream of poison exon 6A (Fig. 3) , we next tested whether hnRNP L regulates exon 6A usage, using RNAi knockdown, followed by RT-PCR assays of alternative splicing of the endogenous hnRNP L pre-mRNA (Fig. 4A to C) . hnRNP L protein levels could be reduced by RNAi to 23% compared to the luciferase control (Fig. 4A) . RT-PCR assays under semiquantitative conditions showed that in the absence of cycloheximide the inclusion of exon 6A was almost undetectable (Fig. 4B, lanes 1 and  2) , a finding consistent with previous assays (see above). In the presence of cycloheximide, however, when NMD is ineffective, exon 6A is included and significantly reduced after hnRNP L knockdown (Fig. 4B, compare lanes 3 and 4) .
We analyzed this finding further in a quantitative manner, using RT/real-time PCR and a panel of different primer pairs across the hnRNP L gene (Fig. 4C) . First, downregulation of hnRNP L mRNA after hnRNP L knockdown was measured with the following primer combinations: exons 2 and 3, 4 and 5, 7 and 8, 8 to 10, and 6A and 7, comparing them in each case to the luciferase control knockdown (Fig. 4C) . The first four primer combinations gave knockdown values between 23 and 29%, whereas with the exon 6A-7 primer combination a reduction of spliced mRNA to 7% was measured. These values can also be expressed as exon 6A inclusion ratios, comparing the regulated exon 6A to each of the other exons (Fig. 4C,  bottom) . We conclude that hnRNP L knockdown specifically affects exon 6A inclusion, reducing it to levels of approximately 26 to 32% relative to the other, constitutive exons. This indicates that hnRNP L acts as an activator of its own poison exon 6A, setting up an autoregulatory negative-feedback loop in hnRNP L expression.
In addition, we also examined how endogenous hnRNP L or GST-tagged hnRNP L (L-GST), the hnRNP L levels were analyzed by Western blotting, detecting both endogenous and tagged hnRNP L proteins. Quantitation of endogenous hnRNP L revealed a downregulation of steady-state protein levels to 88 or 66% relative to the mock control, when L-V5-His or L-GST, respectively, were expressed. This finding further supports our conclusion that hnRNP L levels are autoregulated, based on overexpression and on the protein level. Intronic CA-rich cluster acts as an hnRNP L-dependent splicing enhancer of exon 6A inclusion. Next, we tested directly whether the intronic CA cluster works as an hnRNP L-dependent splicing enhancer of poison exon 6A, using an in vitro alternative splicing assay and hnRNP L depletion and/or complementation. Based on the T7 DUP4-1 plasmid (24), we generated two heterologous constructs that express three-exon pre-mRNAs of 1.2 kb. The first and last exons are ␤-globin exons 1 and 2, respectively, with a 0.6-kb region inserted in the intron carrying the 3Ј-terminal part of the hnRNP L CAcluster and the adjacent exon 6A (T7-DUP 3ЈCA-cluster-6A [ Fig. 5A]) . To control for specificity, we also replaced the CA cluster by an unrelated sequence of similar length (T7-DUP control-6A). HeLa nuclear extract was depleted of hnRNP L, using a biotinylated (CA) 32 RNA oligonucleotide and neutravidin-agarose (15) , which removed more than 90% of hnRNP L, compared to mock depletion (see Fig. 5B for the Western blot analysis).
When the heterologous three-exon pre-mRNA with the CA cluster upstream of exon 6A was spliced in mock-depleted nuclear extract, we observed predominantly inclusion of exon 6A (Fig. 5C, lane 8) . In contrast, depleting hnRNP L almost completely abolished the exon 6A inclusion product and left the same low level of two-exon product as seen in mockdepleted extract (compare lanes 1 and 8) . Add-back of increasing quantities of recombinant hnRNP L restored high levels of exon 6A inclusion (10 to 400 ng of hnRNP L per 25-l reaction mixture; see Fig. 5C, lanes 2 to 7) . Note that 200 ng per 25-l reaction mixture corresponds to the normal hnRNP L levels in HeLa nuclear extract (16) .
To demonstrate that this in vitro splicing activation depends on the CA cluster, we performed the same assays with the T7-DUP control-6A pre-mRNA, which carries instead of the CA cluster an unrelated sequence element upstream of exon 6A (Fig. 5C, lanes 9 to 11) . In contrast to the CA cluster 1 to 6) or control-exon6A/ϩ77 (lanes 7 to 12), each with 77 nt of intron 6A, were spliced in nuclear extract (NE; for 0, 60, and 120 min, as indicated), in L-depleted (NE⌬L; 120 min), or in mock-depleted nuclear extract (NE⌬mock; 120 min). For complementation with recombinant hnRNP L (ϩL), 200 ng of per 25-l reaction mixture were used. Splicing was monitored by RT-PCR, the positions of pre-mRNAs and spliced product are indicated on the right. M, DNA size markers. (F) Exon 6A recognition depends on intact 5Ј splice site. The two-exon pre-mRNAs 3ЈCA cluster-exon6A/ϩ14 (with 14 nucleotides of intron 6A), carrying a wild-type (lanes 1 to 4) or mutated 5Ј splice site (lanes 5 to 8), were spliced in nuclear extract for the times indicated (in minutes). Splicing was monitored by RT-PCR, and the positions of pre-mRNAs and spliced product are indicated on the right. M, DNA size markers.
pre-mRNA, exon 6A was included here only to very low levels. Importantly, these levels did not significantly change, whether mock-depleted, hnRNP L-depleted, or hnRNP L-complemented extract was used (compare lanes 9 to 11).
The same two three-exon constructs were also transiently transfected into HeLa cells, in parallel to a mock control in the absence of DNA, and exon 6A splicing was determined by RT-PCR (Fig. 5D) . Clearly, exon 6A inclusion increased in the case of the 3Ј CA cluster containing construct in comparison with the control pre-mRNA (compare lanes 2 and 3), confirming the in vitro results.
Next, we assayed the enhancer function of the CA cluster in a two-exon context (Fig. 5E) . From the heterologous T7-DUP constructs (see above), pre-mRNAs were generated that contained only the first two exons, that is, a ␤-globin first exon and hnRNP L exon 6A, with the 3Ј CA cluster (lanes 1 to 6) or with the control sequence (lanes 7 to 12), and with 77 nt of intronic sequence downstream of exon 6A. Clearly, in vitro splicing of these two heterologous exons strictly depended on the 3Ј CA cluster (compare lanes 1 to 3 and lanes 7 to 9; for mockdepleted nuclear extract, compare lanes 6 and 12). Furthermore, complementation assays proved that splicing activity required hnRNP L (compare lanes 4 to 6).
Finally, we sought to determine whether the enhancer effect of the CA cluster requires an intact exon 6A (Fig. 5F) . A two-exon pre-mRNA was assayed by in vitro splicing that contained the ␤-globin first exon and the hnRNP L exon 6A, including the 3Ј CA cluster, but only 14 nt of intron 6A, with the normal 5Ј splice site of exon 6A (-WT 5'ss; lanes 1 to 4) or a mutated 5Ј splice site (-mut 5'ss; lanes 5 to 8), in which the GU dinucleotide was deleted. RT-PCR assays demonstrated that splicing of these two-exon pre-mRNAs required a functional 5Ј splice site of exon 6A, indicating that this 5Ј splice site is necessary for exon definition.
In sum, this provided direct biochemical evidence that hnRNP L is responsible and sufficient for exon 6A activation, whereby the CA cluster plays an essential role as an intronic splicing enhancer element.
hnRNP LL: autoregulation of the paralog gene and crossregulation by hnRNP L. We have recently described the hnRNP LL protein, which is closely related in domain structure and sequence to the classical hnRNP L (16) . In that study we had also observed that, upon hnRNP L knockdown, hnRNP LL was upregulated at both mRNA and protein levels, suggesting a cross-regulatory mechanism. Therefore, we first compared the exon-intron organization of the human and mouse hnRNP LL gene and analyzed nucleotide sequence conservation across vertebrate species (see Fig. S2 in the supplemental  material) . Surprisingly, we noted in the hnRNP LL gene-as described above for the hnRNP L gene (Fig. 1) -an extended, highly conserved region spanning at least 1.5 kb in hnRNP LL intron 6. Strikingly, within this region we found a potential poison exon of 83 nt (cDNA AL 512692), which was not part of the RefSeq mRNA and which we called exon 6A.
Whether the hnRNP LL exon 6A is NMD responsive, we tested again by cycloheximide treatment, as well as after UPF1 knockdown ( Fig. 6A and B, respectively) . In contrast to hnRNP L (see Fig. 2 ), in the case of the hnRNP LL gene exon 6A was readily detectable in steady-state RNA from HeLa cells (Fig. 6A, time point zero) . Inclusion of hnRNP LL exon 6A strongly increased after cycloheximide treatment over 4 h (from 34 to 59%; see Fig. 6A ) and also by UPF1 knockdown (40%, compared to 17% in the luciferase control; see Fig. 6B ). We conclude that exon 6A inclusion in splicing of the paralog hnRNP LL pre-mRNA does induce NMD.
Since in our previous study we had described reciprocal cross-regulation of hnRNP LL expression by hnRNP L (16), we considered that this effect might be mediated though regulation of exon 6A inclusion. Therefore, exon 6A inclusion levels were measured by semiquantitative RT-PCR, comparing HeLa cells after luciferase or hnRNP L knockdown (Fig. 6C ). To enhance a potential effect, we assayed also after cycloheximide treatment to inactivate NMD. Clearly, hnRNP LL exon 6A inclusion strongly decreased after hnRNP L downregulation (from 56 to 34% in the presence of cycloheximide), an effect we could even detect in the absence of cycloheximide (from 18 to 10%). In sum, this demonstrates that hnRNP L activates exon 6A inclusion in hnRNP LL splicing, a crossregulatory mechanism, which explains the reciprocal regulation of these two closely related hnRNP proteins.
DISCUSSION
Auto-and cross-regulatory network of hnRNP L. Figure 7 summarizes our model of hnRNP L auto-and cross-regulation. hnRNP L autoregulates its own expression on the level of alternative splicing, using a highly conserved, dense, bipartite cluster of CA-rich motifs spread over 800 nt of intron 6, which is followed by a short poison exon (exon 6A; indicated in red). Excess hnRNP L binds with high affinity and specificity to both CA clusters, thereby activating exon 6A inclusion. If included, a premature termination codon is introduced into the mRNA, resulting in NMD and downregulation of functional hnRNP L mRNA levels. Thereby the CA cluster acts as an unusually extended, intronic enhancer of exon 6A inclusion, depending on bound hnRNP L. Note that the 3Ј splice site of exon 6A is extremely low in quality and contains no recognizable pyrimidine tract (MaxEntScan score of 1.9 [41] ). In sum, excess hnRNP L levels downregulate L expression on the level of alternative splicing and NMD.
This model is based on the following lines of evidence. First, we have shown by both UPF1 knockdown and cycloheximide treatment in HeLa cells that exon 6A is NMD sensitive (Fig.  2) . Second, both parts of the CA-rich cluster efficiently and specifically bind hnRNP L in vitro (Fig. 3) . Third, as shown by hnRNP L knockdown and real-time PCR analysis, exon 6A inclusion depends on hnRNP L protein levels. In addition, hnRNP L overexpression downregulates endogenous hnRNP L (Fig. 4) . Fourth, direct biochemical evidence for an activator role of hnRNP L and the enhancer function of the CA cluster came from in vitro splicing data in hnRNP L-depleted extract and complementation by recombinant protein (Fig. 5) . Finally, FIG. 7 . Model of hnRNP L auto-and cross-regulation. The hnRNP L pre-mRNA can switch in its exon 6-7 region between two alternative splicing modes (right part of the figure) . First, at low hnRNP L levels, exon 6A is skipped, resulting in functional hnRNP L mRNA and thereby increasing L protein levels (top). Second, at high levels hnRNP L binds to the intronic CA-cluster enhancer, promoting exon 6A inclusion, which results in NMD-mediated downregulation of hnRNP L expression (bottom). This hnRNP L-dependent switch creates an autoregulatory feedback mechanism, which contributes to hnRNP L homeostasis. In addition, hnRNP L regulates diverse alternative splicing processes in many other target genes (13, 16) , among them (see left part of figure) the paralog gene hnRNP LL, which contains an analogous poison exon 6A that also switches, depending on hnRNP L-between inclusion and skipping. Finally, hnRNP LL targets many alternative splicing processes in a cell-type-specific manner (27 (Fig. 1 ). Not only the high level of conservation but also the length of the CA-cluster enhancer in this case is surprising and puzzling, considering that short binding sites for single activators or repressors are normally sufficient for regulation. The human hnRNP L CA cluster consists of two parts of approximately 280 (5Ј) and 330 (3Ј) nt, each containing 11 and 14 CA motifs, respectively. Most of these CA motifs are conserved between human and mouse, and the two cluster parts are separated by a region of approximately 215 nt without CA motifs (see Fig.  S1 in the supplemental material). Very likely multiple hnRNP L molecules bind to each of the cluster parts, and this may induce a large-scale structural change in the pre-mRNA, involving interactions between several hnRNP L molecules. It is conceivable that the role of multiple L binding sites is to allow a range of conformational changes, sensing the L concentration through different oligomeric complexes and generating an L concentration-dependent splice-regulatory signal.
How does this autoregulatory mechanism compare with the PTB case, a well-characterized example among the splicing factors for this type of regulation?
First, both hnRNP L (as well as the paralogous hnRNP LL) and PTB use NMD to autoregulate their own expression. In hnRNP L, inclusion of the poison exon 6A introduces the premature stop codon, whereas in PTB, it is skipping of exon 11, which leads to loss of the open reading frame. Second, to activate NMD and downregulate gene expression, excess hnRNP L works as an activator of poison exon 6A, whereas PTB represses exon 11, which is part of the normal, functional mRNA. Note that the activator role of hnRNP L demonstrated here contrasts with the usual situation that hnRNP proteins repress from intronic sites, and SR proteins activate from exonic enhancers (for example, see reference 26). Third, both hnRNP L and PTB share that they function through highly conserved intronic sequences, involving multiple binding sites spread over hundreds of nucleotides. Therefore, it is likely they both operate through large oligomeric RNP structures and perhaps multiple conformations.
What is the biological function of this type of autoregulation? As already pointed out by earlier general studies (17, 26) , homeostasis of splicing factor levels is certainly a critical feature; for example, we know from early studies that the quantitative ratio between two antagonistic splicing regulators, such as ASF/SF2 and hnRNP A1, can determine the outcome of alternative splicing regulation (5, 22) . We have recently determined the protein levels of hnRNP L and its paralog hnRNP LL in HeLa cells (16) . Compared to hnRNP LL, hnRNP L is present at approximately tenfold-higher overall concentrations in the cell and, considering nuclear levels, the difference would be even higher. Therefore, hnRNP LL appears to be much more in the repressed state. Consistent with this, the hnRNP LL poison exon can be detected at relatively high levels (Fig.  6A) , in contrast to the situation in the hnRNP L pre-mRNA, where poison exon 6A can be detected only after NMD inactivation (Fig. 2) . Note that this applies to HeLa cells. In other cell types the relative distribution of hnRNP L versus hnRNP LL appears to be different (S. Schreiner, M. Preussner, and A. Bindereif, unpublished data); this includes also T lymphocytes (27, 38) . Additional factors and/or regulatory mechanism on other levels may also come into play, such as translational and miRNA-mediated control.
In addition to autoregulation, hnRNP L targets many other pre-mRNAs, and we have previously identified some of these (13, 16) . Here, we have characterized as an additional target of hnRNP L the hnRNP LL pre-mRNA, which is particularly interesting, since both hnRNPs share many features of protein domain structure, as well as the exon-intron structure of their genes (compare Fig. 1 and Fig. S2 in the supplemental material). We have recently reported a cross-regulatory relationship between these two closely related genes: upon hnRNP L knockdown, hnRNP LL was upregulated at both mRNA and protein levels (16) . Based on comparing the gene structure and conservation of hnRNP L and LL, we have described here that the analogous poison exon 6A of the hnRNP LL pre-mRNA is activated by hnRNP L (Fig. 6) , providing a mechanistic explanation of the cross-regulation observed previously. We did consider examining the reciprocal relationship, i.e., the question whether hnRNP LL cross-regulates hnRNP L, but at least in the HeLa cell system, this may not be biologically meaningful, since nuclear LL protein levels are more than 10-fold below those of hnRNP L (16) . Perhaps only in other cell lines or in certain tissues, such as activated T lymphocytes where hnRNP LL regulates CD45 alternative splicing (27, 38) , this reciprocal regulation may become relevant. Consistent with this potential cross-regulation, the hnRNP LL protein does bind in vitro to the CA cluster of the hnRNP L pre-mRNA (Fig. 3) .
